Introduction {#s0001}
============

Type I collagen is a complex protein composed of 2 α1(I) and one α2(I) polypeptides that fold into a triple helix. All human tissues synthesize α1-α2-α1 heterotrimer, of type I collagen, only in the skin homotrimers of α1(I) chains accumulate up to 10%.[@cit0001] A mechanism that regulates the exclusive synthesis of collagen heterotrimers is not well understood. Registration and disulfide bonding of α1(I) and α2(I) polypeptides at their C-terminal ends initiate folding of the triple helix.[@cit0002] Collagen polypeptides are posttranslationally modified by hydroxylations of prolines and lysines and glycosylations of hydroxyl-lysines.[@cit0004] The folding and co-translational modifications are in dynamic equilibrium, suggesting coupling of translation and folding.[@cit0006] Some evidence suggests that folding of collagen polypeptides initiates while the chains are still associated with polysomes,[@cit0008] implicating that the folding is determined by coordination of translation of collagen mRNAs.

Type I collagen appeared in evolution with radiation of vertebrates. Type I collagen mRNAs of all vertebrates acquired a secondary structure in their 5' untranslated region (5'UTR) that consists of 2 stems flanking a central bulge.[@cit0009] This structure has been termed the collagen 5' stem-loop (5'SL) and it is found only in collagen α1(I), α2(I) and α1(III) mRNAs, the latter encodes for type III collagen. 5' SL binds protein LARP6 with high affinity and specificity.[@cit0010] LARP6 is a member of a superfamily of RNA binding proteins, the La-domain ribonucleoproteins (LARPs), which have 2 domains in common, the La-domain and the RNA recognition motif (RRM). The La domain is well conserved between the family members, while the RRM is highly diverged.[@cit0012]

By binding the 5'SL, LARP6 regulates translation and stability of collagen mRNAs. Cells in which LARP6 has been knocked down produce greatly reduced amounts of type I collagen.[@cit0011] LARP6 tethers RNA helicase A (RHA) to collagen mRNAs to facilitate translation initiation. Without recruiting RHA collagen mRNAs are poorly loaded onto the polysomes.[@cit0014] LARP6 also interacts with nonmuscle myosin and associates collagen mRNAs with the nonmuscle myosin filaments. When nonmuscle myosin filaments are disrupted, folding of collagen heterotrimer is impaired and the cells secrete only a small amounts of α1(I) homotrimers.[@cit0010] Interaction of LARP6 with vimentin intermediate filaments increases the half life of collagen mRNAs.[@cit0015] Thus, by interacting with accessory translation factors and with cytoskeletal filaments, LARP6 stimulates synthesis of type I collagen.

Fibrosis is a major medical problem characterized by excessive production of type I collagen in various organs.[@cit0016] Knock in mice in which the 5'SL of collagen α1(I) gene had been disrupted are resistant to development of hepatic fibrosis and collagen producing cells from these animals synthesize only 20-30% of type I collagen.[@cit0013] This clearly indicates the importance of LARP6 binding to 5'SL for development of fibrosis. There is no cure for fibrosis, therefore, elucidation of the LARP6 dependent mechanism of collagen regulation is critical, not only for development of antifibrotic drugs, but also for understanding the fundamental process of synthesis of the most abundant protein in human body, type I collagen. Here, we have characterized the binding of LARP6 to 5'SL, which has a profound importance for our understanding of type I collagen synthesis.

Results {#s0002}
=======

Specificity of binding of LARP6 to 5'SL RNA {#s0002-0001}
-------------------------------------------

To study the LARP6-5'SL interaction *in vitro* we first established if bacterially expressed LARP6 faithfully reproduces the binding of LARP6 expressed in mammalian cells. To this goal we compared the binding specificities of full size LARP6 expressed in mammalian cells, purified full size LARP6 expressed by baculovirus and LARP6 containing only the La domain and RRM (LR-LARP6) expressed in E. coli. The specificity of binding was assessed by using various mutants of 5'SL ([**Fig. 1B**](#f0001){ref-type="fig"}). Our previous work indicated that the La domain and RRM are sufficient for sequence specific binding and that LARP6 binds the central bulge of the 5' SL.[@cit0011] Therefore, we mutated each nucleotide in the B1 and B2 parts of the bulge ([**Fig. 1A**](#f0001){ref-type="fig"}), individually and tested the mutants for binding LARP6 by gel mobility shift experiments. [**Figure 1A**](#f0001){ref-type="fig"} compares the sequence of the 5'SL of human collagen α1(I) and α2(I) mRNAs and for this experiment the mutations were made in α1(I) 5'SL. The U labeled with asterisk (\*U) had been mutated in our previous work and its substitution into an A abolished the binding.[@cit0011] [**Figure 1B**](#f0001){ref-type="fig"} compares the specificity of binding of purified LARP6 expressed from a baculovirus (left panel), of LARP6 expressed in mammalian cell extract (middle panel) and of bacterially expressed and purified LR-LARP6 (right panel). Regardless of the source of the protein, the specificity of binding to the 5'SL mutants was similar. Two nucleotides in the B1 portion of the bulge and 3 nucleotides in the B2 portion of the bulge were critical for binding (circled in [**Fig. 1A**](#f0001){ref-type="fig"}). Mutations of the B1A, B1\*U (this mutation has been described in [@cit0011]), B2C, B2A or B2G nucleotides abolished the binding of full size LARP6, expressed either by baculovirus or in whole cell extract. The LR-LARP6 expressed in E. coli interacted with the same specificity as the full size protein. So we concluded that bacterially expressed LR-LARP6 can faithfully reproduce the binding of full size protein and that posttranslational modifications of LARP6 are not necessary for binding. The purity of the purified proteins is shown in [**Figure 1C**](#f0001){ref-type="fig"}. Figure 1.Binding of LARP6 to 5'SL RNA by gel mobility shift assay. (**A**) Sequence of 5'SL of human collagen α1(I) mRNA (left panel) and α2(I) mRNA (right panel). The nucleotides in α1(I) 5'SL RNA critical for binding LARP6 are circled and their mutations are indicated. The start codon is boxed. B1 and B2, single stranded regions of the bulge. The results for \*U were presented in.[@cit0011] (**B**) Binding of LARP6 to α1(I) 5'SL RNA. Full size LARP6 purified after expression by baculovirus (left panel), mammalian cell extract expressing full size LARP6 (middle panel) and LR-LARP6 purified from E. coli (right panel) were used in gel mobility shift with WT and mutant 5' SL RNA probes. The mutations in the probe are indicated at the top (black letters indicate mutations that affect binding, gray letters indicate neutral mutations). Migration of free probe and LARP6/RNA complexes is indicated. \* represents a nonspecific complex in cell extracts. (**C**) Purity of 3 preparations of LR-LARP6 after single round of purification from E. coli and one full size LARP6 purified from baculovirus. The purifications were visualized by fast blue staining.

Fluorescence polarization as method to study binding of LARP6 to 5'SL {#s0002-0002}
---------------------------------------------------------------------

To quantitatively assess the formation of 5'SL/LR-LARP6 complexes we employed fluorescent polarization measurements (FP). FP has been used before to characterize RNA binding of several RNA binding proteins.[@cit0020] FP readings depend on the size of fluorophore, the larger the complex containing the fluorophore, the higher is the FP. When 5'SL RNA was labeled at the 5' end with fluorecein (fl-5'SL), the FP of 1 nM solution of the free RNA was ∼170 mP units. When LR-LARP6 was added to the fl-5'SL probe, the FP increased in the concentration dependent manner reaching the maximal FP of ∼320 mP units. In the figures shown this manuscript the FP of fl-5'SL RNA alone was subtracted to show only the protein dependent FP. [**Figure 2A**](#f0002){ref-type="fig"} shows a typical saturation curve obtained when 1 nM fl-5'SL RNA was titrated with increasing concentrations of LR-LARP6 (titration by protein). An apparent K~d~ for LR-LARP6 binding was estimated to be 0.45 nM, as the protein concentration which gave 50% saturation. Figure 2.Binding of LR-LARP6 measured by FP. (**A**) Titration by protein. 1 nM fl-5'SL RNA was mixed with increasing concentrations of LR-LARP6 and FP was measured. The FP of fl-5'SL RNA alone was subtracted from the FP of fl-5'SL RNA/LR-LARP6 and plotted as function of LR-LARP6 concentration. Error bars represent +- 1 SEM from 3 measurements. The apparent K~d~ was estimated as 50% saturation. (**B**) The reactions from A were loaded on gel mobility shift gel and visualized by phosphoimaging of fl-5'SL RNA. (**C**) Titration by RNA. 4 nM of LR-LARP6 was mixed with increasing concentrations of fl-5'SL RNA and FP was read as in B. FP of fl-5'SL RNA alone for each concentration was subtracted from the FP of fl-5'SL RNA/LR-LARP6 complex and plotted as function of RNA concentration. (**D**) Reactions from C were resolved on gel mobility shift gel.

To verify that the obtained increase in FP is due to formation of RNA/protein complexes the same reactions were resolved by a gel mobility shift assay and visualized by detecting the 5'SL RNA fluorescence by phosphoimager ([**Fig. 2B**](#f0002){ref-type="fig"}). Concentration dependent formation of LR-LARP6/fl-5'SL RNA complexes was detected in gel shift assays, verifying that the increase in FP reflected the formation of LR-LARP6/5'SL RNA complex. Two complexes were resolved in gel shifts, the formation of slower migrating complex was favored at higher LARP6 concentrations, suggesting that it represents a dimer of LR-LARP6 bound to fl-5'SL RNA. Because FP can not distinguish between the formation of monomers and dimers, the apparent K~d~ obtained from the FP readings averages the affinities of formation of both complexes. Nevertheless, it represents a relative estimate of the affinity of LARP6 binding.

To verify this result we reversed the titration and titrated 4 nM LR-LARP6 with increasing concentrations of fl-5'SL RNA (titration by RNA, [**Fig. 2C**](#f0002){ref-type="fig"}). The 50% saturation was achieved at 0.18 nM fl-5'SL RNA and approximately full saturation at 1 nM fl-5'SL RNA. The apparent K~d~ of 0.18 nM obtained by titration by RNA was about 2-fold lower than the apparent K~d~ obtained by the titration by protein ([**Fig. 2A**](#f0002){ref-type="fig"}), which is in a reasonable agreement. Because titration by RNA selects for active LR-LARP6 molecules, it allows better comparison of the relative affinities obtained with different LR-LARP6 preparations and we are showing these titrations throughout the manuscript.

When titration by RNA reactions were resolved by gel mobility shift assay 2 complexes were again resolved ([**Fig. 2D**](#f0002){ref-type="fig"}). Both complexes were present even at the lowest fl-5'SL RNA concentrations, suggesting that their formation is independent on fl-5'SL RNA concentration and that they represent monomers and dimers of LARP6 bound to a single fl-5'SL RNA.

Greater stability of LARP6 complexes formed on collagen α2(I) 5' SL {#s0002-0003}
-------------------------------------------------------------------

Collagen α2(I) mRNA has a similar 5'SL as collagen α1(I) mRNA, with the bulge being identical ([**Fig. 1A**](#f0001){ref-type="fig"}). Since the differences in the stems may affect the binding to the bulge, we compared the equilibrium binding of LR-LARP6 to α1(I) 5'SL RNA and α2(I) 5'SL RNA. [**Figure 3A**](#f0003){ref-type="fig"} shows the binding when LR-LARP6 was titrated by α1(I) and α2(I) fl-5'SL RNA. Similar saturation curves were obtained with the apparent K~d~ in this experiment of 0.82 nM for α1(I) fl-5'SL and 1.1 nM for α2(I) fl-5'SL. Thus, the equilibrium binding of LR-LARP6 to the 5'SL of collagen α1(I) and α2(I) mRNAs appears similar. Figure 3.Binding of LARP6 to 5'SL of collagen α1(I) and α2(I) mRNA. (**A**) FP binding assay. 4 nM LR-LARP6 was titrated with increasing concentrations of α1(I) fl-5'SL RNA (circles) or with increasing concentrations of α2(I) fl-5'SL RNA (squares). (**B**) Competition of LR-LARP6/α(I) 5'SL RNA complex. Saturating amount of LR-LARP6 was added to radiolabeled α1(I) 5'SL RNA and complex was allowed to form for 10 minutes (lane 0). The complex was then competed with increasing molecular excess of unlabaled α1(I) 5'SL RNA (COMPETITOR α1 5'SL) or α2(I) 5' SL RNA (COMPETITOR α2 5' SL). After 30 minutes of incubation the samples were analyzed by gel mobility shift and autoradiography. (**C**) The same experiment as in B, except the LR-LARP6 complex was pre-formed on α2(I) 5' SL RNA probe.

The rate of association of LARP6 with 5'SL is very fast and the complexes form instantaneously. To provide insight into their stability we used 2 approaches; titration of the preformed complexes with increasing amounts of competitor RNA after a fixed time period ([**Figs. 3B and C**](#f0003){ref-type="fig"}) and titration of preformed complexes with fixed amount of competitor RNA at different time points ([**Fig. 4**](#f0004){ref-type="fig"}). First, we formed the 5'SL/LR-LARP6 complexes by added saturating amounts of LR-LARP6 to the radiolabeled α1(I) or α2(I) 5'SL RNA and then competed the pre-formed complexes with increasing amounts of unlabeled α1(I) or α2(I) 5'SL RNA. After 30 minutes of incubation with increasing amounts of competitor RNA, the remaining complexes were analyzed by gel mobility shift and autoradiography. [**Figure 3B**](#f0003){ref-type="fig"} shows the decay of the complex pre-formed on α1(I) 5'SL. In the absence of competitor this complex was stable, with only tracing amounts of free RNA appearing after 30 minutes. With increasing concentrations of either α1(I) 5'SL or α2(I) 5'SL competitor the complex representing LARP6 dimer gradually decreased and the monomer complex and the free probe appeared. At higher molar excesses of the competitors, the monomer complex was gradually titrated out and at 400-fold excess it completely disappeared and only the free probe remained. This indicated that one LR-LARP6 molecule is dissociated first, while the removal of the remaining LR-LARP6 molecule from the 5'SL RNA required higher concentrations of the competitors. [**Figure 3C**](#f0003){ref-type="fig"} shows the same experiment for the pre-formed complex on α2(I) 5'SL RNA. Dissociation of this complex required higher molar excess of the competitors than the complex on α1(I) 5'SL RNA. A small amount of monomers and dimers was still present even at the 400-fold excess of the competitors. This indicates that complexes formed on α2(I) 5'SL are more resistant to dissociation than the α1(I) 5'SL/LARP6 complexes. Figure 4.Temporal dissociation of LR-LARP6 complexes formed on α1(I) and α2(I) 5'SL RNAs. (**A**) Temporal decay of LR-LARP6/α1(I) 5'SL complex analyzed by gel mobility shift. LR-LARP6 was pre-bound to radio-labeled α1(I) 5'SL RNA for 10 min on ice. 200-fold molar excess of unlabeled α1(I) 5'SL RNA (left panel) or α2(I) 5' SL RNA (right panel) was added, incubated for the indicated time periods and all reactions were loaded at the same time on the gel and visualized by autoradiography. (**B**) The same experiment with LR-LARP6 pre-bound to radio-labeled α2(I) 5'SL RNA C. Temporal decay of LR-LARP6/α1(I) 5'SL complex measured by FP. Saturating amounts of LR-LARP6 were added to fl-5'SL RNA for 10 minutes and 200-fold molar excess of unlabeled α1(I) 5'SL RNA (circles) or unlabeled α2(I) 5'SL RNA (squares) or no competitor (triangles) was then added. 2 minutes after addition of the competitors FP was read every 1 minute for 45 minutes and FP readings were plotted against time (FP of fl-5'SL RNA alone was not subtracted from the FP of fl-5'SL RNA/LR-LARP6 in this experiment). Blank; FP of fl-5'SL RNA alone. (**D**) Temporal decay of LR-LARP6/α2(I) 5'SL complex measured by FP. The same experiment as in C, except the complex on α2(I) fl-5'SL RNA was pre-formed and competed out.

Second, we measured the temporal decay of the complexes using gel mobility shift assay and FP ([**Fig. 4**](#f0004){ref-type="fig"}). For the gel mobility shift assay, the LR-LARP6 was bound to radio-labeled α1(I) or α2(I) 5'SL RNA probes and the complexes were challenged by 200-fold molar excess of unlabeled α1(I) or α2(I) 5'SL RNA for different time periods on ice. [**Figure 4A**](#f0004){ref-type="fig"} shows temporal decay of the complex formed of α1(I) probe. After 10 min of competition time the dimer complex completely disappeared and small amount of monomers remained. After 40 min only tracing amounts of monomers could be detected. A similar pattern was seen when the LR-LARP6/α1(I)5'SL complex was challenged with α1(I) 5'SL competitor (left panel) or α2(I) 5'SL competitor (right panel). However, when the complex was pre-formed on α2(I) probe, its dissociation was much more resistant to competition with either α1(I) 5'SL competitor ([**Fig. 4B**](#f0004){ref-type="fig"}, left panel) or α2(I) 5'SL competitor (right panel). About 20% of dimers and 40% of monomers still persisted after 40 min of the competition time.

For FP measurements the complexes were pre-formed on α1(I) fl-5'SL RNA or on α2(I) fl-5'SL RNA and 200-fold molar excess of unlabeled α1(I) 5'SL RNA or α2(I) 5'SL RNA competitors was added. Two minutes after the addition of competitors the FP measurements were taken every minute for 45 minutes and plotted vs time. [**Figure 4C**](#f0004){ref-type="fig"} shows the temporal decay of the α1(I) complex. Without competitor there was a small but discernible dissociation of this complex. However, in the presence of both, α1(I) 5'SL and α2(I) 5'SL competitors, the dissociation of the complex was accelerated. The initial slopes of the FP decrease were similar for both competitors, suggesting a similar rate of competition. When the same experiment was repeated with α2(I) 5'SL complex, its temporal decay was slower than that of α1(I) 5'SL complex ([**Fig. 4D**](#f0004){ref-type="fig"}). The slopes of the FP decrease for both competitors were 3.3 fold lower compared to the slopes obtained with the α1(I) 5'SL complex, suggesting a greater resistance of LR-LARP6/α2(I)5'SL complex to dissociation. FP of the fl-5'SL RNAs without LR-LARP6 bound is shown as blank in [**Figures 4C and D**](#f0004){ref-type="fig"}.

Thus, in 2 independent assays a slower dissociation rate of the complex formed on 5'SL of collagen α2(I) mRNA was observed. Therefore, we concluded that the LARP6 binding to collagen α2(I) mRNA has a lower off rate and that it is more stable than the binding to collagen α1(I) mRNA.

Amino acids in the La module of LARP6 critical for binding 5'SL {#s0002-0004}
---------------------------------------------------------------

Combination of a La-domain followed by an RRM, termed the La module, is present in all LARP family members.[@cit0012] [**Figure 5A**](#f0005){ref-type="fig"} shows comparison of amino acid sequence of the La module of human LARP6 and LARP3 (the La antigen). LARP3 binds the poly-U ends of RNA Polymerase III transcripts.[@cit0025] Crystal structure of the La module of LARP3 bound to the UGCUGUUUU duplex RNA has been solved and critical amino acids in the La domain involved in the binding have been identified.[@cit0027] These amino acids are also conserved in the La-domain of LARP6 (Q99, F102, Y103, F114, F135, [**Fig. 5A**](#f0005){ref-type="fig"}). Therefore, we first assessed if these conserved amino acids of the La domain are also necessary for binding of LARP6 to 5'SL. We individually mutated each of these nucleotides into alanines, expressed the mutants in mammalian cells and assessed the binding to 5'SL by gel mobility shift assays. Only one of the mutations, F135A, significantly reduced the binding ([**Fig. 5B**](#f0005){ref-type="fig"}, lane 2). The other La mutants bound the 5'SL similar like the WT LARP6 (not shown). To assess if the F135A mutation did not alter the folding of LARP6 we introduced this mutations in LR-LARP6, purified the protein and compared its thermal denaturation curve to that of WT LR-LARP6 (supplemental **Fig. 1**, supplemental **table 1**). The melting temperature (Tm) of F135A mutant was similar to that of WT LARP6, suggesting that F135A mutation did not significantly affect the folding of the protein. These results indicated that the interaction between LARP6 and 5'SL RNA involves only one amino acid necessary for binding of LARP3 to poly-U. Figure 5.Binding of LARP6 mutants to 5'SL. (**A**) Sequence comparison of La and RRM domains of LARP6 and LARP3. La domain is marked by full box and RRM by stippled box. Amino acids changed by single point mutations into alanines are underlined and indicated by numbers above the sequence. T133 is indicated by large letter. Loop 1 and loop 3 in the RRM are underlined. Asterisks indicate identities and dots indicate similarities between LARP6 and LARP3. (**B**) Binding of LARP6 mutants expressed in whole cell extract. WT HA-tagged LARP6 (lane 1) or the indicated mutants of HA-LARP6 (lanes 2-4) were expressed in HEK293 cells and cell extracts were used in gel mobility shift experiment. Lane 5 is extract of nontransfected cells (CON). Migration of 2 RNA/protein complexes (C1 and C2) is indicated. Bottom panel: expression of the transfected proteins measured by protein gel blot. (**C**) Binding of T133 mutants. LARP6 (lane 2), T133A (lane 3) and T133D (lane 4) were analyzed as in B. (**D**) Comparison of gel electrophoretic mobility of 5'SL/LARP6 complexes formed using 2 different concentrations of recombinant full size LARP6 purified from E. coli (REC I and II) and 2 concentrations of full size LARP6 expressed in whole cell extract (CEL I and II). Migration of monomers and dimmers of LARP6 and C1 and C2 complexes is indicated.

To identify other amino acids of the La domain that contribute to the binding specificity of LARP6 we performed extensive site directed mutagenesis of the La domain. Most mutations were silent, but when we mutated T133 into an A the binding was abolished ([**Fig. 5C**](#f0005){ref-type="fig"}, lane 3). T133 is not conserved in LARP3 ([**Fig. 5A**](#f0005){ref-type="fig"}) or in the La domains of other LARPs; it represents a unique feature of LARP6. Therefore, it was important to distinguish if the lack of binding of the T133A mutant was due to disruption of a critical RNA-protein bond or to a loss of proper protein folding. The thermal denaturation profile of the LR-T133A mutant was completely different from that of WT LR-LARP6 and no transition from the folded into the unfolded state could be observed (supplemental **figure 2**, supplemental **table 1**). This suggested that the protein with T133A mutation is not folded and that the lack of its binding to 5'SL can be attributed to the grossly altered structure. Therefore, we concluded that T133 in LARP6 is a critical amino acid for maintaining the protein fold.

Our preliminary results (in preparation) and the results of others [@cit0028] indicate that T133 is phosphorylated. To test what a phospho-mimetic mutation, T133D, has on binding we expressed the T133D mutant and analyzed its binding to 5'SL ([**Fig. 5C**](#f0005){ref-type="fig"}, lane 4). The lack of binding of T133D suggested that this mutant behaves similarly to T133A and that alterations of T133 inactivate the protein.

We also made several single point mutations throughout the RRM, but found only one (E264A), which decreased the binding. Although this mutation eliminated a negative charge, no major effect on protein folding was observed (supplemental **figure 3**, supplemental **table 1**). The combination of the E264A and F135A mutation (F135A/E264A double mutant) resulted in loss of binding to 5'SL ([**Fig. 5B**](#f0005){ref-type="fig"}, lane 4), verifying the participation of both domains in high affinity binding.

During the course of these experiments we observed that 2 complexes (C1 and C2, [**Figs. 5B and C**](#f0005){ref-type="fig"}) were formed when LARP6 was expressed in mammalian cells and the whole cell extract was used in gel shift experiments. These complexes may be different than monomers and dimers of LARP6, seen when purified LR-LARP6 was used, and result from association of LARP6 with other proteins in the cell extract. To assess if C1 and C2 complexes contain additional proteins we compared the gel mobility of C1 and C2 complexes to that of pure recombinant full size LARP6 ([**Fig. 5D**](#f0005){ref-type="fig"}). Recombinant full size LARP6 formed monomers and dimers (lanes 1 and 2), but the electrophoretic mobility of C1 and C2 complexes was slower than that of monomers and dimers of full size LARP6, suggesting presence of other proteins in both complexes. Thus, when overexpressed in whole cell extract, LARP6 monomers and dimers are associated with additional proteins. Identification of one of the components is presented in [**Figuer 7**](#f0007){ref-type="fig"}. Figure 6.Effects of loop 3 mutations on binding. (**A**) Mutations of the loop 3 of the RRM of LARP6. Serine 251 is indicated by number and binding of the mutants to 5'SL is summarized to the right. (**B**) Binding of the HH mutant. HA-LARP6 (lane 2) and HH mutant (lane 3) were expressed in HEK293 cells and cell extract was used in gel mobility shift experiment. Lane 4 is extract of nontransfected cells (CON) and lane 1 is probe alone. Migration of 2 complexes (C1 and C2) is indicated. Bottom panel: expression of transfected proteins measured by western blot. (**C**) Binding of loop 3 mutants of HA-LARP6. Experiment as in B, except the mutants indicated were used. Bottom panel: expression of transfected proteins measured by protein gel blot. (**D**) Binding of SIM LR-ARP6 and RAN LR-LARP6. SIM and RAN mutations were introduced into LR-LARP6, proteins purified from (**E**) coli and binding analyzed by gel mobility shift. P; 5'SL RNA probe alone, WT; binding of 2 samples containing WT LR-LARP6, SIM; binding of 2 samples of SIM LR-LARP6, RAN; binding of 2 samples of RAN LR-LARP6. Asterisks indicate nonspecific bands. Protein preparations are shown in the bottom panel. Figure 7.Identification of SEC61 in complex with LARP6 and 5'SL. (**A**) Control supershift assay. WT HA-LARP6 was expressed in HEK293 cells and gel shift performed with cell extract without antibody (lane 2) or with anti-nucleolin antibody added (lane 3). Lane 1 is probe alone. Migration of C1 and C2 complexes is indicated. (**B**) SEC61α in complex with LARP6 and 5'SL. WT HA-LARP6 was expressed in HEK293 cells and gel shift performed with cell extracts without antibody (lane 2), with anti-HA antibody added (lane 3) or with anti-SEC61α antibody added (lane 4). Lane 1 is probe alone. (**C**) SEC61β in complex with LARP6 and 5'SL. Experiment as in B, except anti-SEC61β antibody was added (lane 4). (**D**) SIM mutant does not complex with SEC61. HA-tagged SIM mutant was transfected into HEK293 cells. Gel mobility shift was done with cell extracts without antibody (lane 2), with anti-nucleolin antibody added (lane 3), with anti-HA antibody added (lane 4) or with anti-SEC61β antibody added (lane 5). Lane 1 is probe alone and lane 6 is extract of nontransfected cells. (**E**) SEC61β in complex with LARP6 and 5'SL in extracts of human lung fibroblasts (HLFs). WT HA-LARP6 was expressed in HLFs and gel mobility shift experiment done with extract without antibody (lane 2), with anti-nucleolin antibody added (lane 3), with anti-HA antibody added (lane 4) or with anti-SEC61β antibody added (lane 5). Lane 1 is probe alone. Arrow indicates retardation of complex caused by anti-SEC61β antibody. (**F**) Incorporation of V5-tagged SEC61α into complex with LARP6 and 5'SL. V5-tagged SEC61α was coexpressed with HA-tagged LARP6 and cell extracts were used in gel mobility shift without antibody (lane 2), with anti-nucleolin antibody added (lane 3), with anti-HA antibody added (lane 4) or with anti-V5 antibody added (lane 5). Supershift with anti-V5 antibody is indicated by arrow. Lane 1 is probe alone and lane 6 is extract of nontransfected cells. (**G**) Immunoprecipitation of transfected HA-LARP6 with SEC61 in microsomal extract. HLFs were transfected with HA-tagged LARP6 and microsomal extract prepared. The amount of HA-LARP6, SEC61β and collagen α1(I) polypeptide (COL1A1) in 5% of the input extract (I, lane 1), the amount pulled down with beads without antibody (B, lane 2) and the amount pulled down with anti-SEC61β antibody (IP, lane 3) was analyzed by western blot. (**H**) Co-fractionation of endogenous LARP6 with ER membranes. HLFs were fractionated by sequential detergent extraction into cytosolic fraction (SOL) and membrane fraction (MEM). The fractions were analyzed for LARP6, calnexin (CAL) and actin (ACT) by protein gel blot.

Function of loop 3 of the RRM of LARP6 {#s0002-0005}
--------------------------------------

Evolutionary tree of LARP proteins has been constructed and the analysis identified unique structural features of the RRM of vertebrate LARP6 proteins.[@cit0012] The most distinct feature of the RRM of vertebrate LARP6 is acquisition of 2 extended loops; loop 1 which connects strands 1 and 2 and loop 3 which connects strands 3 and 4 of the putative β-sheet of the RRM (these loops are underlined in [**Fig. 5A**](#f0005){ref-type="fig"}). These loops are 22 amino acids long in vertebrate LARP6, but only 4 amino acids long in invertebrate LARP6. Deletion of loop 1 had no effect on LARP6 binding to 5'SL (not shown), however, deletion of loop 3 had profound effects. To delete loop 3 from LARP6 we introduced 2 HpaI sites flanking the 5' and 3' ends of the loop 3 sequence by site directed mutagenesis. This changed 2 amino acids at the N-terminal end and 2 amino acids at the C-terminal end of loop 3 (HH mutant, [**Fig. 6A**](#f0006){ref-type="fig"}), but allowed us to delete 20 amino acids of the loop 3 or to change blocks of amino acids within the loop 3. The introduction of 2 HpaI sites and the resulting 4 amino acid change (HH mutant) did not affect the binding. When expressed in HEK293 cells the HH mutant strongly bound 5'SL, only the intensity of the slower migrating complex (C2) was reduced and the intensity of faster migrating complex (C1) was increased ([**Fig. 6B**](#f0006){ref-type="fig"}, compare lane 2 and lane 3). Next, we introduced a series of mutations of the loop 3 ([**Fig. 6A**](#f0006){ref-type="fig"}) and tested the binding in cell extracts ([**Figs. 6B and C**](#f0006){ref-type="fig"}). Deletion of the entire loop 3 (ΔHH mutant) abolished the binding ([**Fig. 6C**](#f0006){ref-type="fig"}, lane 3). To exclude that shortening of the loop was responsible for the lack of binding we substituted all 20 amino acids with glycines (20G mutant). This mutant also failed to bind 5'SL RNA (lane 4). When amino acids throughout the loop 3 were substituted by amino acids with similar properties (SIM mutant), the formation of complex C1 was not affected, but the complex C2 was not formed ([**Fig. 6C**](#f0006){ref-type="fig"}, lane 5). The same result was obtained with another conservative mutant, ORD (lane 6). This suggested that loop 3 must contain amino acids with certain properties. Thus, when loop 3 was substituted by amino acids with opposite properties (DIS mutant) the binding was greatly reduced (lane 7) and when random sequence was substituted (RAN mutant) the binding was abolished (lane 8). To verify that the RAN mutant was properly folded, we made the RAN mutation in LR-LARP6 and analyzed thermal denaturation of the protein (supplemental **figure 1**). Its denaturation curve was slightly flattened compared to the WT LR-LARP6, but the transition temperature between folded and unfolded form was similar to WT LR-LARP6 (supplemental **table 1**). This suggested that the RAN mutant had similar fold as WT LR-LARP6. Therefore, we concluded that loop 3 participates in binding 5'SL and that it must contain amino acid sequence with certain physical/chemical properties.

Another interesting finding from these experiments was that loop 3 is also critical for formation of the complex C2. We were able to create 2 mutants (SIM and ORD), which uncoupled the binding to 5'SL and the formation of the C2 complex. C2 complex likely contains dimers of LARP6 associated with additional proteins ([**Fig. 5D**](#f0005){ref-type="fig"}). Thus, SIM and ORD mutations may have lost the ability to dimerize and/or to attract the other proteins into the complex. To assess if SIM mutant can dimerize we prepared SIM LR-LARP6 and RAN LR-LARP6 and compared their binding to that of WT LR-LARP6 ([**Fig. 6D**](#f0006){ref-type="fig"}). WT LR-LARP6 formed monomer and dimer complexes with 5'SL (lanes 2 and 3), as before, while SIM LR-LARP6 preferentially formed the monomers. RAN LR-LARP6 failed to bind 5'SL, although its thermal denaturation curve (supplemental **Figure 1**) suggested that the protein is properly folded. Thus, the failure of SIM mutant to form the C2 complex in cell extracts may be due in to its inability to form dimers, as well as to the inability to interact with additional proteins.

The results indicated that binding 5'SL and sequestering other proteins in higher order complexes, including formation of LARP6 dimers, are 2 distinct functions of the loop 3.

Phospho-mimic mutation of serine 251 in loop 3 {#s0002-0006}
----------------------------------------------

There are 3 serines in the loop 3, so we wanted to test if phospho-mimic mutations of these serines change the binding to 5'SL. Changing S247 or S248 into an aspartic acid did not affect the binding (not shown). Changing of S251 into an alanine also did not change the binding ([**Fig. 6C**](#f0006){ref-type="fig"}, lane 10), but when this serine was mutated into an aspartic acid, binding of LARP6 was dramatically reduced ([**Fig. 6C**](#f0006){ref-type="fig"}, lane 11). Only weak formation of complex C1 was seen and complex C2 was absent. Proper folding of the S251A and S251D mutants was verified by the thermal denaturation analysis (supplemental **Fig. 3**, supplemental **Table 1**). Thus, a phospho-mimic mutation of S251 had a similar effect as the mutations of entire loop 3 (DIS and 20G mutations). This suggested that a negative charge at the position 251 is highly detrimental to the function of loop 3 and that phosphorylation of S251 may regulate the loop 3 mediated functions of LARP6. The role of S251 phosphorylation in collagen biosynthesis and the kinase responsible is currently under investigation.

SEC61 as a component of LARP6/5'SL complexes {#s0002-0007}
--------------------------------------------

The two complexes, C1 and C2, formed when LARP6 was expressed in the whole cell extract, contain additional proteins and not simply represent monomers and dimers of LARP6. To investigate which proteins may be present in these complexes we performed gel mobility shift experiments after addition of various antibodies to the extract. A supershift induced by an antibody would indicate presence of the protein in complex with LARP6 and 5'SL RNA. To verify this approach we overexpressed HA-LARP6 in HEK293 cells and added anti-nucleolin antibody (negative control) and anti-HA antibody (positive control) to the extract. Anti-nucleolin antibody did not change the migration of the C1 and C2 complexes ([**Fig. 7A**](#f0007){ref-type="fig"}, compare lanes 2 and 3), but anti-HA antibody supershifted both complexes, indicating that they contain HA-LARP6 ([**Fig. 7B**](#f0007){ref-type="fig"}, lane 3). Then, we tested numerous other antibodies. When antibody against Sec61α, the α subunit of SEC61 translocon of the ER membrane,[@cit0029] was added, a supershift of the complex C2 was induced and the intensity of complex C1 was reduced (lane 4). This was surprising, but suggested that SEC61 translocon (or its α subunit) associated with LARP6 and 5'SL RNA in the complex C2 and, perhaps, in the complex C1. We used non-denaturing detergent in making cell extracts, so SEC61 was liberated from the ER membrane and was available to interact with LARP6 and 5'SL RNA. Because SEC61 is a trimer of α, β and γ subunits [@cit0029] we repeated the supershift experiments using an antibody against SEC61β subunit ([**Fig. 7C**](#f0007){ref-type="fig"}). SEC61β antibody caused a supershift of the C2 complex and reduction of the complex C1 (lane 4), similarly to the SEC61α antibody. This strongly argued that the complete SEC61 translocon associated with LARP6 and 5'SL RNA in both complexes; C1 and C2.

The SIM mutant of LARP6 formed only complex C1 ([**Fig. 6C**](#f0006){ref-type="fig"}, lane 5), therefore, we used this mutant to test if the C1 complex of SIM mutant contains SEC61. When supershift experiments were done using the SIM mutant, anti-HA antibody supershifted the single complex formed ([**Fig. 7D**](#f0007){ref-type="fig"}, lane 4), but anti-SEC61β antibody had no effect (lane 5). Therefore, we concluded that the SIM mutant, not only had lost the ability to form dimers, but also had lost the ability to interact with the SEC61 translocon. This also suggested that SEC61 is complexed with 5'SL RNA by interaction with WT LARP6 and not by directly binding the 5'SL RNA.

To provide further evidence that SEC61 can complex with LARP6 and 5'SL RNA we employed a different cell type, human lung fibroblasts (HLFs). We overexpressed HA-tagged LARP6 in HLFs and performed supershift experiments. [**Figure 7E**](#f0007){ref-type="fig"} shows that anti-SEC61β antibody caused retardation of a complex (lane 5, arrow), suggesting the formation of 5'SL/LARP6/SEC61 complex in this cell type, as well. Next, we overexpressed SEC61α subunit tagged at the C-terminus with a V5 tag (SEC61α-V5) in HLFs to analyze if the tagged protein will be incorporated into the complex with LARP6/5'SL RNA. When SEC61α-V5 was co-expressed with HA-tagged LARP6, complexes C1 and C2 were formed and they were both supershifted with anti-HA antibody, as before ([**Fig. 7F**](#f0007){ref-type="fig"}, lane 4). Addition of anti-V5 antibody induced a weak supershift (lane 5, arrow), suggesting that a small amount of SEC61α-V5 was associated into the complex with LARP6 and 5'SL RNA. Because complete SEC61 translocon appears to associates with LARP6 and 5'SL, the transfected SEC61α-V5 subunit must compete with the endogenous SEC61α for limiting amounts of SEC61β and Sec61γ to form the chimeric translocons. Thus, a weak supershift is consistent with the notion that complete SEC61 translocon incorporates into the complexes with LARP6 and 5'SL RNA.

To provide independent evidence that LARP6 can interact with SEC61 translocon we expressed HA-tagged LARP6 in HLFs, prepared microsomes from these cells and used the micosomal extract in co-immunoprecipitation experiments ([**Fig 7G**](#f0007){ref-type="fig"}). HA-LARP6 was found in the microsomal extract, as was SEC61β (lane 1). As additional control, we also analyzed collagen α1(I) polypeptide, which is normally present in the ER lumen, and it was also present in the microsomal extract (lane 1). When SEC61β was immunoprecipitated, it pulled down HA-LARP6, while collagen α1(I) polypeptide (lane 3) and control immunoprecipitation (lane 2) did not. This suggested that LARP6 and SEC61 can interact and is consistent with the results of supershift experiments. A relatively small fraction of HA-LARP6 was pulled down compared to the fraction of SEC61β that was pulled down, suggesting that HA-LARP6 had not interacted with all translocons.

The small amounts of endogenous LARP6 found associated with internal membranes precluded immunoprecipitation experiments to show the interaction between the endogenous LARP6 and SEC61 (see [**Fig. 7H**](#f0007){ref-type="fig"}). Endogenous LARP6 is predominantly cytosolic protein in HLF,[@cit0011] but if it interacts with SEC61, we expected to find a small amount associated with the ER membrane. Without purifying microsomes, we fractionated extracts of HLFs into cytosolic and membrane fractions using sequential detergent extraction [@cit0032] and analyzed endogenous LARP6 by western blot. [**Figure 7H**](#f0007){ref-type="fig"} shows that the majority of LARP6 was cytosolic, but a small amount was extracted with the membrane fraction. Analysis of the ER marker, calnexin,[@cit0033] verified that the membrane fraction contained ER proteins and analysis of the cytosolic marker, actin, confirmed that there was no cross-contamination of the fractions. A small steady state amount of endogenous LARP6 found in the membrane fraction suggested that the protein does not accumulate at the ER membrane, but may only transiently associate.

We concluded from the above experiments that the loop 3 of LARP6 RRM has 2 functions, one is to participate in binding 5'SL and the other is to tether the collagen mRNAs to other proteins, including SEC61 translocation channel.

SIM mutant acts as dominant negative protein in collagen synthesis {#s0002-0008}
------------------------------------------------------------------

The discovery that SEC61 translocon can associate with LARP6 and 5'SL RNA in a higher order complex was surprising. Because we could demonstrate this interaction only when LARP6 was overexpressed, it was important to assess if this interaction has a functional significance for biosynthesis of type I collagen. To this goal, we made 2 additional loop 3 mutants. In one mutant we substituted 3 amino acids at the N-terminal side of the loop 3 (PDI mutant, [**Fig. 6A**](#f0006){ref-type="fig"}) and in the other mutant we substituted 9 amino acids at the C-terminal side (3'A mutant, [**Fig. 6A**](#f0006){ref-type="fig"}). All proteins in these experiments were overexpressed using adenoviruses to achieve \>90% transduction efficiency of HLFs, necessary to study the dominant negative effects on collagen synthesis. [**Figure 8A**](#f0008){ref-type="fig"} shows the binding of these new mutants to 5'SL when expressed in HLFs. As before, WT LARP6 formed 2 complexes, C1 and C2, SIM mutant formed only the complex C1, while RAN mutant failed to form any complex ([**Fig. 8A**](#f0008){ref-type="fig"}, lanes 2-4). PDI mutant failed to bind 5'SL (lane 5) and 3'A mutant showed minimal formation of complex C1 and no complex C2 (lane 6). Based on the location of PDI and 3'A mutations we concluded that, both, the N-terminal part and the C-terminal part of loop 3 participate in binding 5'SL. Then, we assessed the effect of the mutants on expression of collagen α1(I) and α2(I) polypeptides ([**Fig. 8B**](#f0008){ref-type="fig"}). Overexpression of WT LARP6 had no effect on secretion of collagen polypeptides into the cell medium ([**Fig. 8B**](#f0008){ref-type="fig"}, lane 1). Overexpression of 2 LARP6 mutants which cannot bind 5'SL (PDI, RAN) or one mutant which has greatly reduced binding (3'A) also had no effect on collagen secretion (lanes 3-5). However, overexpression of SIM mutant, which can bind 5'SL but can not interact with SEC61 or form dimers, reduced the production of both collagen polypeptides (lane 2), acting as a dominant negative protein for translation or secretion of collagen polypeptides. Figure 8.SIM mutant as dominant negative protein for type I collagen expression. (**A**) Binding of PDI and 3'A mutants of LARP6. WT HA-LARP6 and the mutants indicated were expressed in HLFs and cell extracts were used in gel mobility shift experiments. P, probe alone, CON, extract of nontransfected cells. Expression of the transfected proteins is shown in B. (**B**) SIM mutant acts as dominant negative for collagen synthesis. Analysis of the cellular medium. Collagen α1(I) (COL1A1) and α2(I) (COL1A2) polypeptides were analyzed in the cellular medium of cells in A by western blot. Loading control, fibronectin (FIB). LARP6, expression of the transfected proteins in cellular extract. (**C**) Intracellular level of collagen polypeptides. Expression of collagen α1(I) (COL1A1) and α2(I) (COL1A2) polypeptides in the cellular extract after overexpression of WT HA-LARP6 and the indicated mutants, analyzed by protein gel blot. Loading control: actin (ACT). LARP6, expression of the transfected proteins. (**D**) Total RNA was extracted from cells in C and expression of collagen α1(I) (COL1A1) and α2(I) (COL1A2) mRNAs analyzed by RT-PCR. Loading control: GAPDH mRNA.

We also analyzed the effect of SIM mutant on cellular level of collagen polypeptides and on expression of collagen mRNAs. SIM mutant also reduced the cellular level of collagen polypeptides ([**Fig. 8C**](#f0008){ref-type="fig"}), without affecting the level of collagen mRNAs ([**Fig. 8D**](#f0008){ref-type="fig"}), supporting the notion that uncoupling 5'SL binding from the interaction with SEC61 affects translation of collagen polypeptides. Thus, the ability of LARP6 to simultaneously interact with 5'SL of collagen mRNAs and with SEC61 translocon may be an important function in biosynthesis of type I collagen.

Discussion {#s0003}
==========

In the last several years a compelling evidence has emerged that the expression of type I collagen is regulated by binding of LARP6 to the 5'SL of collagen mRNAs.[@cit0010] This work revealed that 5'SL/LARP6 interaction is critical for high level of collagen expression, thus, understanding the LARP6 dependent mechanism of collagen synthesis is important for understanding reparative and reactive fibrosis. LARP6 tethers stimulatory factors, like RHA, STRAP or FKBP3 to collagen mRNAs to increase their translational competitiveness.[@cit0014] In addition, LARP6 associates collagen mRNAs with vimentin filaments to increase their half life.[@cit0015] Both events contribute to the increased synthesis. Thus, it was important to characterize the interaction of LARP6 with 5'SL in detail. In this report we describe that: 1. Five nucleotides within the single stranded region of 5'SL RNA are critical for interaction with LARP6. Some of these nucleotides are necessary for maintaining the tertiary structure of 5'SL and some may be directly contacted LARP6, but we could not distinguish between these functions. 2. Two domains of LARP6 are needed for interaction with 5' SL RNA, the La domain and the RRM. T133 in the La domain is a critical for maintaining proper folding of LARP6, while F135 contributes to binding. 3. The loop 3 within the RRM is a unique feature of the vertebrate LARP6 and is neccessary for binding 5'SL. Loop 3 also participates in formation of a complex consisting of LARP6, 5'SL and protein translocation channel SEC61. 4. LARP6 mutant which can bind 5'SL, but which cannot interact with SEC61, acts as a dominant negative protein for collagen synthesis. This indicates that coupling of 5'SL binding and interaction with SEC61 is an important step in collagen biosynthesis. 5. The complex of LARP6 and collagen α2(I) 5'SL is more resistant to dissociation than the complex of LARP6 and collagen α1(I) 5'SL. The more stable binding of LARP6 to collagen α2(I) mRNA may be a determinant for preferential synthesis of heterotrimers of type I collagen over that of homotrimers of α1(I) chains.[@cit0001]

LARP6 binds 5'SL of type I collagen mRNAs with K~d~ in the low nM range. Such tight binding has been described for several RNA binding proteins [@cit0041] and in the case of histone mRNA stem-loop binding protein the binding involves only 1-2 direct contacts between the RNA and the protein.[@cit0045] The five nucleotides of 5'SL critical for binding LARP6 reside in the single stranded regions. From our work it is not possible to determine how many nucleotides make contacts with LARP6 and how many are involved in formation of the RNA tertiary structure recognized by LARP6. The stringent conditions of gel mobility shift assay detect only stable interactions, thus, the nucleotides identified ([**Fig. 1**](#f0001){ref-type="fig"}) support the stable binding of LARP6 to collagen mRNAs. The stable interaction is needed if premature translation of collagen mRNA is to be prevented and for coordination of their translation on the membrane of the ER.[@cit0040] Collagen mRNAs are present at 5,000-30,000 copies per cell [@cit0048] or at 20-40 fg/cell,[@cit0049] which corresponds to low nM concentrations. Therefore, the apparent K~d~ of LARP6 binding estimated in low nM range is needed for LARP6 dependent collagen regulation in the cellular environment.

The only crystal structure of a LARP protein solved is that of the La module of LARP3 bound to the dsRNA containing 3 uridines at the 3' end.[@cit0027] The crystal structure identified 5 amino acids within the La domain that make direct contacts with the poly-U terminus. These amino acids are conserved in LARP6 ([**Fig. 5**](#f0005){ref-type="fig"}), but only one of these amino acids is important for binding 5'SL (F135). Mutations of the 4 other conserved amino acids had no effect, suggesting a completely different recognition of the 5'SL by LARP6 than poly-U by LARP3. While it is possible that F135 of LARP6 contacts the U nucleotide of the 5'SL, the interactions of LARP6 with the other nucleotides must involve LARP6 specific sequences. We identified T133 as an amino acid critical for proper folding of LARP6; mutation of T133A resulted in completely unfolded protein (supplemental **Figure 2**). A threonine at the similar position is not found in the La domain of other LARP family members, however, it is conserved in LARP6 of all vertebrates, suggesting an indispensable role. The T133A mutant or the phospho-mimic T133D mutant were unable to bind 5'SL ([**Fig. 5C**](#f0005){ref-type="fig"}). It has been reported that T133 is phosphorylated [@cit0028] and our preliminary proteomics analysis confirmed this finding. This raises a possibility that the structure and function of LARP6 may be modulated by phosphorylation of T133. The kinase involved and the functional significance of T133 phosphorylation are currently under investigation.

Another domain of LARP6 indispensable for binding 5'SL is the RRM. The unique features of RRM of vertebrate LARP6 are 2 extended loops, loop 1 and loop 3, that connect the strands of the β-sheet of this domain ([**Fig. 5**](#f0005){ref-type="fig"}). These loops are 22 amino acids long, compared to 4 amino acids in the invertebrate LARP6.[@cit0012] Deletion of loop 1 had no effect on LARP6 binding to 5'SL, however, mutations of loop 3 were highly detrimental. When loop 3 was substituted with glycines (20G mutant) or with random amino acids (RAN mutant) the binding to 5'SL was greatly reduced. The RAN mutant appeared to be folded similarly to WT LARP6 (supplementary **figure 1**), suggesting that loop 3 participates in specific RNA/protein contacts, rather than in maintaining the protein folding. Two smaller mutations of loop 3, one at the N-terminus (PDI) and the other at the C-terminus (3'A), also dramatically reduced the binding, suggesting the involvement of most amino acids within the loop 3. However, one amino acid, S251, has a potential to have a regulatory role. While S251A mutation was silent, the phospho-mimic mutation S251D reduced the binding to 5'SL ([**Fig. 6C**](#f0006){ref-type="fig"}). Thus, in addition to T133 phosphorylation, which may change the folding of LARP6, phosphorylation of S251 may regulate the recognition of the 5'SL. Although the S251 phosphorylation has yet to be demonstrated in vivo, our results indicate that the specific amino acids of LARP6 have evolved to support its role in expression of vertebrate type I collagen.

During the course of binding experiments with purified LR-LARP6 we observed formation of 2 complexes. These complexes clearly represented monomers and dimers of LARP6 bound to single 5'SL RNA, because their formation was dependent on the LR-LARP6 concentration ([**Fig. 2B**](#f0002){ref-type="fig"}) and independent of the 5'SL concentration ([**Fig. 2D**](#f0002){ref-type="fig"}). Recombinant full size LARP6 also forms monomers and dimers ([**Fig. 5D**](#f0005){ref-type="fig"}). However, when full size LARP6 was overexpressed in cellular extracts, the 2 complexes seen (C1 and C2), had slower electrophoretic motbility than the monomers and dimers of recombinant LARP6, suggesting recruitment of other cellular proteins into the complex with LARP6 and 5'SL RNA. However, we have never seen the evidence of dimers formation in cell extracts without overexpressing LARP6.[@cit0011] This suggests that the concentration of endogenous LARP6 is too low in cell extracts to allow detectable formation of the dimmers, but we can not exclude their existence under native conditions.

The surprising discovery was that protein translocation channel SEC61 (translocon SEC61,[@cit0029]) was found as one of the components. In our experiments SEC61 was solubilized from the ER membrane using a detergent. Both antibodies, against SEC61α and against SEC61β, caused a supershift of the LARP6/5'SL RNA complex ([**Figs. 7B and C**](#f0007){ref-type="fig"}), suggesting that the fully assembled translocon was present.[@cit0050] When SEC61α was tagged, the tagged subunit was also incorporated into the complex with LARP6 and 5'SL RNA ([**Fig. 7F**](#f0007){ref-type="fig"}). Immunoprecipitation experiments using microsomes verified that LARP6 and SEC61 can interact ([**Fig. 7G**](#f0007){ref-type="fig"}), although the amount of LARP6 pulled down was small. This indicates that either the interaction is weak or that only a subset of SEC61 complexes binds LARP6. A small amount of endogenous LARP6 co-fractionated with the ER membranes ([**Fig. 7H**](#f0007){ref-type="fig"}), suggesting that an interaction of LARP6 with membrane proteins, including Sec61, is possible in vivo. Because of the small amount of LARP6 on the membrane, we could not directly demonstrate the interaction of the endogenous LARP6 and SEC61. But, based on our findings we speculate that LARP6 may directly deliver collagen mRNAs to the SEC61 translocons. The existence of a specialized subset of SEC61 translocons dedicated to translation of collagen polypeptides has been suggested before.[@cit0051] After initiation of translation the collagen mRNAs are retained at the ER membrane by interactions of ribosomes with SEC61 translocons [@cit0052] and nascent collagen polypeptides are translocated into the ER lumen by the signal peptide dependent mechanism.

Biological relevance of the interaction between LARP6 and SEC61 is underscored by the dominant negative effect of the SIM mutant. When selected amino acids of loop 3 were replaced with amino acids with similar properties (SIM mutant), the protein bound 5'SL, but could not form complex with SEC61. The SIM mutant also could not form dimers, either overexpressed in cell extracts ([**Figs. 6C**, 7D and 8A](#f0006 f0007 f0008){ref-type="fig"}) or expressed as SIM LR-LARP6 ([**Fig. 6D**](#f0006){ref-type="fig"}). The SIM mutant suppressed collagen synthesis in dominant negative manner, while WT LARP6 or the mutants which cannot bind 5'SL, were without effect ([**Fig. 8**](#f0008){ref-type="fig"}). We believe that this effect was predominantly due to the inability to interact with the SEC61, rather than to inability to form dimers, as dimer formation has never been observed with endogenous LARP6. Thus, uncoupling the binding to collagen mRNAs from the interaction with SEC61 is detrimental to collagen synthesis and strongly supports the notion that direct targeting of collagen mRNAs to the SEC61 translocons is a critical step in collagen biosynthesis.

The equilibrium binding constants for binding of LR-LARP6 to 5'SL of collagen α1(I) mRNA and α2(I) mRNA were similar ([**Fig. 3A**](#f0003){ref-type="fig"}). However, when LR-LARP6 was bound to α2(I) 5'SL, the complex resisted higher concentrations of competitor RNAs ([**Fig. 3C**](#f0003){ref-type="fig"}) and for prolonged periods of time ([**Figs. 4B and D**](#f0004){ref-type="fig"}) than the complex pre-formed on α1(I) 5'SL, suggesting that it is less prone to dissociation. Type I collagen is always secreted as heterotrimer of 2 α1(I) and one α2(I) polypeptides,[@cit0004] although homotrimers of α1(I) polypeptides readily form if α2(I) polypeptide is not available for folding. This was observed in mice in which collagen α2(I) gene had been inactivated [@cit0054] and in rare human mutations that inactivated the expression of α2(I) gene.[@cit0056] The more stable binding of LARP6 to collagen α2(I) mRNA may preferentially recruit collagen α2(I) mRNA into the translational pathway with α1(I) mRNA and may contribute to the exclusive synthesis of heterotrimeric type I collagen.

In conclusion, by studying binding of LARP6 to 5'SL RNA several aspects relevant to biosynthesis of type I collagen have been revealed. The high affinity binding of LARP6 may be needed for recognition of collagen mRNAs in the cellular environment, where they are present at nM concentrations. The more stable binding of LARP6 to collagen α2(I) mRNA is suggested as a mechanism which drives synthesis of heterotrimeric type I collagen. Association of SEC61 translocon with the 5'SL/LARP6 complex is critical for collagen synthesis and suggests that collagen mRNAs are directly delivered to the protein translocation channel to coordinate their translation. Amino acid motifs specific for LARP6 have evolved to support these functions of the protein. Further elaboration on the results presented here will greatly advance our understanding of the biosynthesis of type I collagen.

Material and Methods {#s0004}
====================

Constructs {#s0004-0001}
----------

Human LARP6 cDNA was cloned into pcDNA3 vector with HA-tag at the N-terminus. Site directed mutagenesis of the single amino acids was done by QuickChange mutagenesis kit (Stratagene, 200523-5), according to the manufacturer\'s instructions. Deletion of the 20 amino acids in loop 3 was done by introducing 2 HpaI restriction sites at nt 600-606 and nt 660-666 (nt \#1 is the A of the start codon). Then, HpaI-HpaI fragment was cut out and plasmid were religated (ΔHpa construct). Substitutions of the 20 amino acids of loop 3 were done by ligating double stranded oligonucleotides with the desired mutations into the ΔHpa plasmid. The identity of all mutations was verified by sequencing.

Constructs for expression of LARP6 having only La and RRM domains (LR-LARP6) in E. coli were made by PCR amplification of the pcDNA3 constructs with 5' primer starting at amino acid 65 and containing a NdeI site and 3' primer starting at amino acid 301 and containing a XbaI site and cloning of the PCR products into NdeI and XhoI sites of pET15b vector. Construct expressing full size LARP6 in E. coli was made by PCR amplification of full size LARP6 cDNA and cloning into pET15b vector.

Templates for *in vitro* transcription of mutant probes were made by ligating double-stranded oligonucleotides with the desired sequence into EcoRI-HindIII sites of pGEM3 vector (Promega). *In vitro* transcription was done after linearization of the templates with HindIII.

Adenoviruses were constructed by re-cloning of the LARP6 mutants from pcDNA3 vectors into pAd-CMV-Track vector, following by recombination in BJ5 E. coli cells, as described.[@cit0057]

Purification of recombinant LARP6 {#s0004-0002}
---------------------------------

pET15b plasmids were transformed into Roseta E. coli strain and the cells grown in terrific broth to OD260 of 0.8, after which the expression was induced by 1 mM IPTG and growth continued for 5 h at 25°C. His-tag LR-LARP6 was purified by Ni-column as described. The purified protein was dialyzed against PBS or against 200 mM NaCl, 0.5% NP-40 and its purity was estimated by SDS-PAGE and staining with Fast-blue. Typically, the purity was \>90% after the single step purification. Baculovirus expressing full size LARP6 was constructed and purified according to manufacturer procedure (Life Technologies, 10359-016).[@cit0058]

Cells and transfections {#s0004-0003}
-----------------------

HEK293 cells were grown under normal conditions. Transfections were done in 6-well plates with 1 μg of plasmid using TransIT-293 transfection reagent (Mirus, MIR2700). The cells were harvested 48 h after the transfections. Human lung fibroblasts (HLFs) [@cit0059] were fractionated into cytosolic and membrane fractions by sequential detergent extraction, as described.[@cit0032] Transduction of HLFs with adenoviruses was done at multiplicity of infection of 500. Three days after the transduction, expression collagen polypeptides was measured by protein gel blot.

Preparation of microsomes and immunoprecipitations {#s0004-0004}
--------------------------------------------------

Microsomes were prepared according to,[@cit0032] with minor modifications. Approximately 2 × 10^7^ HLFs were resuspended in 0.35 mL of hypotonic buffer and homogenized in Dounce homogenizer. The homogenate was adjusted to 1.9 M sucrose, layered on the top of 2.5 M sucrose cushion and overlayed with 1.3 M sucrose and centrifuged at 260,000 g for 3 h at 4°C in a Beckman MLS-50 rotor. The rough microsome fraction banding below the 1.3 M/1.9 M sucrose interface was collected and diluted in isotonic buffer and centrifuged in a Beckman TLA 120.2 rotor at 66,000 g for 20 min at 4°C. The pellet was lysed in 0.5 % NP-40, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl and used for immunoprecipitations.

Immunoprecipitations were done using 1 μg SEC61β antibody (Thermo Scientific, PA3-015) which was incubated with the extract for 30 min at 4°C. 20 ul of equilibrated protein A/G beads were then added and incubated for additional 30 min. Control reactions received only the equilibrated A/G beads. The beads were washed 4 times and the samples analyzed by Western blotting.

Separation of cytosolic and membrane fractions of cells, without isolation of microsomes, was done as described in.[@cit0032]

Western blots {#s0004-0005}
-------------

Western blots were done with 20 μl of cellular extracts of transfected cells. The same amount was used in gel shift experiments, so that the protein expression could be directly compared to the binding activity. For measuring collagen secretion into the cellular medium, cells were washed with serum free medium and incubated in serum free medium for 3 h. The medium was collected and collagen secreted was directly measured by western blot. The antibodies used were: anti-collagen α1(I) from Rockland (600-401-103), anti-collagen α2(I) from Santa Cruz Biotechnology (sc-8786), anti-HA from Sigma (H9658), anti-calnexin and anti-fibronectin from BD Transduction Laboratories (610523 and 610077), anti-SEC61α from Upstate (07-204), anti-actin from Abcam (ab8227), anti-LARP6 from Novus Biologicals (H00055323) and anti-SEC61β from Thermo Scientific (PA3-015).

Gel mobility shift experiments {#s0004-0006}
------------------------------

Cell extracts were prepared by lysis in 140 mM KCl, 10 mM MgCl~2~, 0.5% NP-40 and equal amounts (20 μl) were used for gel mobility shift. The 5'SL RNA probes were prepared by *in vitro* transcription in the presence of ^32^P-UTP from templates containing 5'SL sequence of human collagen α1(I) and α2(I) mRNAs or various mutants of the α1(I) 5'SL. The mutations made are indicated in [**Figure 1**](#f0001){ref-type="fig"}. The competitor RNAs were prepared by *in vitro* transcription without radio-labeling. The amount of probe used in the reactions was typically 4 ng and the binding reaction contained 2 μg of yeast t-RNA and 1 μg of total liver RNA to suppress nonspecific binding. After incubation at RT for 30 min the reactions were resolved on 6% native gels. When bacterially expressed and purified LR-LARP6 was used there was no t-RNA or liver RNA in the reaction. Detection of the bands was by autoradiography or by phosphoimaging. For supershift experiments 1 μl of indicated antibodies was added to the reaction.

For competition of the preformed LR-LARP6/5'SL complexes, the amount of bacterially expressed LR-LARP6 that completely saturated 7 ng of the radio-labeled probe was empirically determined. Then, this amount was mixed with the probe and incubated at RT for 10 min, the indicated molar amounts of cold competitor RNAs were added and the incubation was continued for additional 30 min, when the complexes were resolved on native gels. Time dependent competition experiments were done by adding 200-fold molar excess of competitor RNA for different time periods, incubated on ice and then all time points were loaded at the same time onto native gels.

Fluorescence polarization (FP) {#s0004-0007}
------------------------------

5'SL RNA and its various mutants labeled at the 5' end with fluorescein were purchased from Dharmacon. 1 nM of fl-5'SL RNA was incubated in 100 mM NaCl, 10 mM Tris pH 7.5, 5 mM MgCl~2~, 0.25% NP-40 with increasing amounts of bacterially expressed LR-LARP6 for 10 min at RT in 384 well plates in total volume of 25 μl/well and FP was read in Biotek Synergy H1 plate reader. For titration of LARP6 with 5'SL RNA, 4 nM LARP6 was incubated with increasing amounts of fl-5'SL RNA. For each fl-5'SL RNA concentration a blank without LARP6 was read and the FP of the blank was subtracted from the FP of the corresponding fl-5'SL-LARP6 reaction. All reactions were performed in triplicates and apparent dissociation constants (K~d~) were estimated by nonlinear curve fitting as the concentration which gives 50% saturation. After reading the FP, some reactions were directly loaded on gel shift gels and bands were visualized by imaging the fluorescence signals.

For the time course of decay of 5'SL/LR-LARP6 complexes, saturating amounts of LR-LARP6 were added to 1 nM fl-5'SL RNA in total volume of 100 μl in 96-well plate and 200 fold excess of unlabeled 5' SL competitor RNA was added. 2 min after the addition of the competitor, FP was measured in triplicates at 1 min intervals for additional 45 min. FP of the blank without LR-LARP6 was not subtracted from these readings and FP was plotted vs time. The decay rate was inferred from the slopes of the decay curves.

Determination of protein folding {#s0004-0008}
--------------------------------

Unfolding of Larp6 and mutants was monitored by fluorescence (λex = 295 nm, λem = 350 nm; 5 nm slit widths) using a Cary Eclipse spectrophotometer (Agilent Technologies, Santa Clara, California) equipped with a Peltier temperature control. 5 μM samples of Larp6 in PBS buffer were equilibrated for 10 minutes at 283 K prior to heating. Samples were heated at a rate of 0.50 K / min. The resulting thermal unfolding curves were fit to a 6-parameter, 2-state denaturation model, assuming a negligible change in heat capacity upon unfolding.[@cit0060] Curve fitting was performed by the nonlinear, least squares fitting program, DataFit (Oakdale Engineering).
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